Four plant satellite viruses have been identified in association with helper viruses from natural infections, including satellite tobacco necrosis virus (STNV), satellite panicum mosaic virus (SPMV), satellite maize white line mosaic virus, and satellite tobacco mosaic virus (STMV) (4, 23). Satellite viruses are valuable tools for dissecting sequence or structural features of RNA molecules that are essential for biological and biochemical functions, such as replication, symptom induction, and spread, without perturbing the helper virus genome. These "molecular parasites" can also help us to understand the intricately coordinated interactions between helper virus-encoded proteins, the satellite virus RNAs, and the host cells (15, 23) .
Four plant satellite viruses have been identified in association with helper viruses from natural infections, including satellite tobacco necrosis virus (STNV), satellite panicum mosaic virus (SPMV), satellite maize white line mosaic virus, and satellite tobacco mosaic virus (STMV) (4, 23) . Satellite viruses are valuable tools for dissecting sequence or structural features of RNA molecules that are essential for biological and biochemical functions, such as replication, symptom induction, and spread, without perturbing the helper virus genome. These "molecular parasites" can also help us to understand the intricately coordinated interactions between helper virus-encoded proteins, the satellite virus RNAs, and the host cells (15, 23) .
The SPMV genome is composed of a single-stranded, plussense RNA of 824 nucleotides (nt) . Four open reading frames (ORFs) were originally identified, two on the viral plus-sense strand and two on the viral complementary strand (8) . An ORF from nt 88 to 561 on the viral sense RNA encodes a 17.5-kDa capsid protein (CP) (8) . The 5Ј untranslated region (UTR) is composed of 87 nt preceding the SPMV CP start codon, and the 3Ј UTR extends from nt 562 to 824. Although strong secondary structures were predicted in the 5Ј and 3Ј UTRs and implicated in the replication of the SPMV genome (8) , cis-acting sequences essential for the replication and/or systemic movement of SPMV have not been experimentally identified.
SPMV depends on its helper virus, panicum mosaic virus (PMV), for replication and systemic spread (8, 21) . PMV has the unusual characteristic of supporting two distinct types of subviral entities, SPMV and satellite RNAs, which is reflected in the naturally occurring viral complex in infected St. Augustinegrass lawns along the Gulf Coast of the United States (3) . Sequence analysis revealed that the 4,326-nt singlestranded plus-sense RNA of PMV encodes six ORFs (28) . The 5Ј-proximal p48 and p112 read-through proteins provide the core components of the PMV replicase complex, which is also proposed to be essential for the replication of SPMV and the satellite RNAs (28) . A 26-kDa CP and three other smaller proteins (p15, p8, and p6.6) have been implicated in local and systemic movement of PMV (27) . RNA transcripts produced in vitro from the full-length cDNA clones of PMV and SPMV are infectious on millet host plants (9, 21, 28) . In the present study, a comprehensive set of SPMV mutants was generated and analyzed for the ability to infect millet protoplasts and plants. Infectivity assays with these mutants mapped the cis-acting elements that are required for SPMV replication and movement. Furthermore, the characterization of an infectious cDNA clone derived from a defective SPMV RNA (D-RNA), which accumulated de novo in the plants coinoculated with PMV and SPMV CP-deficient mutants, also defined the cis-acting elements required by SPMV for its viability in plants.
MATERIALS AND METHODS
Host plants and RNA transcripts. Pearl millet (Pennisetum glaucum), foxtail millet (Setaria italica cv. 'German R'), and proso millet (Panicum miliaceum cv. 'Sunup' or 'Red Turghai') plants were used as experimental hosts and grown in the greenhouse (28 to 30°C) or in the growth chamber (28°C, 14 h of light; 24°C, 10 h of dark).
Standard molecular biology protocols were applied throughout the study (18) . To supply DNA templates for the in vitro transcription reaction, cesium chloridepurified plasmids containing full-length PMV cDNA (28) were digested with EcoICR1, and the plasmids carrying SPMV or mutagenized SPMV cDNAs were digested with BglII. Plasmids containing the SPMV D-RNA cDNA were digested with PstI and treated with DNA polymerase I large fragment (Klenow). All treatments were followed by phenol-chloroform extraction and ethanol precipitation. Approximately 0.5 g of linearized DNA was consistently used as a template for in vitro transcription reactions, as specified by the supplier of T7 RNA polymerase (Gibco Life Technologies, Gaithersburg, Md.).
Four to five millet plants at the three-leaf stage were mechanically inoculated with a mixture of ca. 6 g of uncapped RNA transcripts and 12 l of RNA inoculation buffer (0.05 M K 2 HPO 4 , 0.05 M glycine, 1% bentonite, 1% Celite, pH 9.0). The inoculated plants were maintained at room temperature overnight before being transferred to the greenhouse or growth chamber. Each bioassay, including monitoring of visual symptoms and detection of viral RNAs or proteins from the infected millet plants, was repeated at least three times with independently synthesized PMV and SPMV RNA transcripts. The symptoms on the inoculated plants were documented at 14 to 21 days postinoculation.
Protoplasts were isolated from pearl millet or foxtail millet seedlings 2 weeks postgermination in the growth chamber. The preparation and transfection of millet protoplasts were performed essentially as described previously (19) except that millet protoplasts were centrifuged at 210 ϫ g instead of 70 ϫ g in a clinical centrifuge (International Equipment Co., Needham Heights, Mass.). Approximately 5 ϫ 10 6 protoplasts were transfected with ca. 6 g of PMV RNA transcripts alone or in combination with in vitro-synthesized SPMV transcripts (ca. 6 g each) derived from either the type strain or mutant cDNA clones through a polyethylene glycol procedure (19) . The transfected protoplasts were incubated in the growth cabinet (28°C, 14 h of light; 24°C, 10 h of dark) for 40 to 45 h prior to the extraction of total RNA or protein.
Site-directed oligonucleotide mutagenesis of the SPMV cDNA. Singlestranded DNA was generated from the SPMV cDNA phagemid using standard protocols (6) . A KpnI site at nt 100 (primer 5Ј-GGCTCCTAAGGGTACCAG GCG-3Ј [the KpnI site is underlined]) and an EcoRV site at nt 486 (primer 5Ј-CCAAGGGTGATATCGCCCCCAGC-3Ј [the EcoRV site is underlined]) were introduced into the SPMV cDNA clone to generate a new construct, designated SPMV-KE, to allow for deletion of the CP ORF. An NcoI site (primer 5Ј-CCCTTTCCCATGGCAATGCC-3Ј [the NcoI site is underlined]) was inserted at nt 772 for deletion analysis of the 3Ј UTR. The newly introduced KpnI, EcoRV, and NcoI sites produced a combined restriction map of SPMV (Fig. 1) .
A degenerate primer (5Ј-CCTGR[G/A]TGS[C/G]CTCCTAAGCGTTCC-3Ј) was used to create CP start codon context mutants (AUGC, AUGG, GUGC, and GUGG). For this study, the SPMV CP start codon context mutant GUGG was identified and designated SPMV-GUG. Mutant SPMV-91, in which two stop codons were introduced immediately downstream of the CP start codon, was generated with primer 91 (5Ј-GGCTCCTTAGCGTTCCAGGTGATCTAATC G-3Ј [the stop codons are underlined]).
Construction of the SPMV deletion mutants. Internal sequences from the full-length SPMV cDNA clone were deleted by excision of fragments with two selected restriction enzymes in various combinations. For example, SP1 was generated by digestion of the full-length SPMV cDNA clone with NheI and SpeI (Fig. 1) . If the ends were not compatible, the linearized plasmids were subjected to Klenow treatment or mung bean nuclease digestion followed by electrophoresis and purification of DNA from the 1% agarose gel. A reverse transcription PCR (RT-PCR)-amplified product of SPMV lacking nt 572 to 811 in the 3Ј UTR was generated, presumably due to internal annealing of the SPMV reverse primer (5Ј-AAACTGCAGGGTCCTAGGAGGGGG-3Ј [the PstI site is underlined]) to positions 567 to 571. This RT-PCR product was inserted into pUC119 to make the SP13 construct. The deletions of the fragments from the full-length SPMV cDNA clones were confirmed by sequencing across the junction sites of the resultant cDNA clones (Table 1) .
Isolation and cDNA cloning of SPMV D-RNA. Total RNA was extracted from millet plants infected with PMV alone and in combination with either SPMV-91 or SPMV-GUG as previously described (20) . The RNA was electrophoresed through a 1.2% agarose gel. A single SPMV-specific band, which is smaller than the genome-size SPMV RNA and designated D-RNA, was excised from the gel. The agarose block was placed on sterilized Miracloth (Calbiochem Co., La Jolla, Calif.) which was inserted into a 0.5-ml microfuge tube with a hole punctured by an 18-gauge syringe needle. The tube was then placed in a 1.5-ml microfuge tube and centrifuged at 10,000 ϫ g for 2 min to elute the RNA from the gel matrix. The gel matrix was eluted a second time with 200 l of 1ϫ TE buffer (10 mM Tris, 1 mM EDTA, pH 7.5). The solutions from both elutions were combined and subjected to phenol-chloroform extraction. The isolated RNAs were then precipitated and stored at Ϫ80°C.
A previously described RT-PCR procedure (14) was adapted to amplify the D-RNA. A reverse SPMV primer (5Ј-AAACTGCAGGGTCCTAGGAGGGG G-3Ј [the PstI site is underlined]) complementary to the 3Ј-terminal 811 to 824 nt was used for first-strand cDNA synthesis. A forward SPMV primer (5Ј-AAA GGATCCTAATACGACTCACTATAGGGTATTCCACGCTAGC-3Ј [the BamHI site is underlined]) contained the first 17 nt of the 5Ј end of SPMV, which was linked with an upstream T7 RNA polymerase promoter sequence (in boldface letters). Following RT-PCR of the D-RNA, the product was cloned into the SmaI site of pUC119.
RNA and protein blot analyses. Total RNA and protein were extracted from 500 mg of inoculated or systemically infected leaves bulked from four millet plants about 14 days postinoculation or from ca. 5 ϫ 10 6 protoplasts 40 to 45 h posttransfection (20) . Approximately 3 g of total plant RNAs or the entire protoplast RNA was separated in a 1.2% agarose gel and subsequently transferred to nylon membranes (Micron Separations Inc., Westborough, Mass.). PMV and SPMV RNAs were detected by hybridizing the RNA blots with [ 32 P]dCTP-labeled PMV-or SPMV-specific probes generated by a randompriming method as previously described (28) . Approximately 15 g of total proteins were electrophoresed through a sodium dodecyl sulfate-12% polyacrylamide gel and then transferred to nitrocellulose membranes (Micron Separations Inc.). The membranes were incubated with rabbit polyclonal anti-SPMV CP antiserum or with rabbit polyclonal anti-PMV CP antiserum (21) . The secondary anti-rabbit immunoglobulin G conjugated with alkaline phosphatase (Sigma, St. Louis, Mo.) or horseradish peroxidase (Amersham Pharmacia Biotech, Inc., Piscataway, N.J.) was used at a 1:5,000 dilution. The presence of viral CP was assayed by enzymatic reactions of alkaline phosphatase or horseradish peroxidase as described previously (22) .
Nucleotide sequence accession number. The D-RNA cDNA sequence was deposited in GenBank as accession no. AF159425.
RESULTS
The SPMV CP gene is dispensable for replication and systemic infection. The full-length SPMV cDNA clone pSPMV-1 (9) was resequenced and found to contain 824 nt instead of the previously identified 826 nt (8) . The nucleotide A at position 10 in the 5Ј UTR and the nucleotide C at position 766 in the 3Ј UTR were absent from the SPMV cDNA clone used in this study, which is now designated the type strain.
Prior to the dissection of cis-acting elements on the SPMV type strain RNA genome, unique KpnI and EcoRV sites were introduced at nt 100 and 486, respectively, inside the CP ORF or an NcoI site was introduced at nt 772 on the 3Ј UTR. The introduced KpnI site converted the CP amino acids R 5 and S 6 to G and T, respectively. The EcoRV site changed codons for amino acids A 134 and N 135 to D and I, respectively. The introduction of these sites generated a new combined restriction map of the SPMV genome (Fig. 1) . The modified SPMV RNAs, with a combination of KpnI and EcoRV sites or an NcoI site, behaved essentially the same as the SPMV type strain, as determined by comparative analysis of viral titers and symptoms on millet plants coinoculated with PMV (data not shown).
To unveil the biological functions of SPMV CP, two nucleotide changes were introduced to prematurely terminate the synthesis of the CP (mutant SPMV-91) while minimally changing the RNA sequence within the CP ORF (Fig. 1) . In addition, two contiguous deletion constructs, SP2 and SP3 ( Fig. 1 and Table 1 ), were made to delete either the 3Ј or the 5Ј half of the SPMV CP ORF, respectively. This allowed for analysis of cis elements inside the CP ORF for replication and movement. The SP2 mutant encoded an N-terminal portion of the SPMV CP, which produced a ca. 8-kDa protein in a wheat germ in vitro translation assay, but this protein was not detectable by immunoblot analysis with protein extracts from infected plants (data not shown). SP3 was predicted to encode a putative 21-amino-acid polypeptide by the fusion of the Nterminal 4 amino acids of the CP ORF to 17 downstream, out-of-frame codons. Lastly, the major portion of the SPMV CP coding region was deleted by digestion of the SPMV cDNA clone with KpnI and EcoRV to generate SPMV-⌬CP ( Fig. 1 and Table 1 ). This deletion forced the fusion of four N-terminal amino acids with the C-terminal amino acids of the SPMV CP ORF, but out of frame, to yield a putative 17-amino-acid polypeptide.
SPMV-91 was replicated by PMV in pearl millet protoplasts ( Fig. 2A) . Although SPMV-91 was translocated along with PMV to the upper noninoculated leaves, it accumulated less abundantly than the SPMV type strain (Fig. 2B) . Removal of either the terminal half-portion of the SPMV CP in deletion mutants SP2 and SP3 or the majority of the SPMV CP ORF in SPMV-⌬CP did not impair replication or systemic movement of SPMV RNA in the millet plants coinfected with PMV ( Fig.  2 and Table 1 ). Degraded SPMV RNAs were detected on the RNA blots from protoplasts transfected with PMV and two CP-deficient mutants, SPMV-91 and SPMV-⌬CP. This is in contrast to the RNA profiles obtained with the SPMV type strain and SP1, two constructs that express the SPMV CP ( Fig.  2A) . Degraded forms of PMV RNAs were not observed in parallel RNA blots (data not shown).
Regions of SPMV RNA that are essential for replication and systemic movement. Since the CP gene is dispensable for the replication and systemic movement of SPMV (Fig. 2) , it could be inferred that the essential elements for these functions reside in the 5Ј and 3Ј UTRs. To investigate this, the 5Ј-and 3Ј-proximal SPMV cDNA fragments were serially removed to evaluate their contributions to replication and movement (Fig.  1) . The infectivity assays of the deletion mutants in millet plants coinoculated with PMV were performed, and the results are summarized in Table 1 . Briefly, deletion of nt 17 to 67 in the mutant SP1 ( Fig. 1 and Table 1 ) slightly reduced the accumulation of the satellite viral RNA compared to the SPMV type strain (Fig. 2) . This was also reflected by the decreased amount of SPMV CP on the immunoblots in protoplasts and millet plants (data not shown). The removal of nt 68 to 104 in SP4 or nt 63 to 311 in SP5 did not affect their infectivity in the proso millet plants ( Table 1 ). The mutants SP6 and SP7, lack- ing nt 17 to 489 and 68 to 489, respectively, were detectable on the upper noninoculated leaves of proso millet plants. However, the RNA accumulation was influenced by the environmental conditions in the greenhouse. The mutants SP4, SP5, SP6, and SP7 were detected on the inoculated leaves but not on the upper noninoculated leaves of foxtail millet plants ( Fig.  1 and Table 1 ). Deletion of nt 572 to 811 in the 3Ј UTR abolished the replication of SP13 even though it retained the 3Ј-terminal 14 nt of the SPMV RNA. The deletion of 3Ј-proximal sequences from nt 713 to 772 in SP10 or 777 to 824 in SP12 also abolished the infectivity of SPMV, as these RNAs were not detected in the millet plants ( Fig. 1 and Table 1 ). Taken together, the data suggested that deletions of any region of the 3Ј UTR in the mutants SP8, SP9, SP10, SP11, SP12, and SP13 were lethal to SPMV propagation in the millet plants ( Fig. 1 and Table 1 ).
In summary, the above data collectively provide a functional map of the SPMV RNA genome in which four domains can be tentatively assigned: (i) nt 17 to 67 have a role in regulating replication, (ii) nt 68 to 104 appear to be involved in hostdependent systemic movement, (iii) nt 100 to 489 are dispensable for SPMV infectivity, and (iv) nt 490 to 824, covering the 73 nt immediately upstream of the CP stop codon plus the entire 3Ј UTR, are required for biological activity of SPMV in plants ( Table 1) .
The generation of an infectious cDNA clone from a defective SPMV RNA. Aberrant RNAs that migrated faster than the genome-size SPMV RNAs were frequently detected in agarose gels (Fig. 3A) . These spontaneously generated RNAs were particularly associated with serial passages of SPMV-91 or SPMV-GUG through millet plants coinoculated with PMV and were tentatively designated D-RNAs. The D-RNA derived from the SPMV-91 mutant accumulated more abundantly than those derived from SPMV-GUG (Fig. 3A) . Due to double stop codons immediately downstream of the CP start codon, SPMV-91 is incapable of expressing the 17.5-kDa CP, but it does express a small amount of ca. 10-kDa protein predicted to be a carboxy-terminal portion of the CP (Fig. 1 and 3A) . In contrast, SPMV-GUG expressed more ca. 10-kDa protein than SPMV-91 but very low levels of the 17.5-kDa CP compared to the SPMV type strain ( Fig. 1 and 3A) . The D-RNAs could represent either degenerate products of SPMV genomic RNAs or independently replicating SPMV-derived RNAs. To test these possibilities, the D-RNA from SPMV-91, which was passaged five times on proso millet plants, was isolated and subjected to RT-PCR amplification. An RT-PCR product with a T7 polymerase promoter sequence at the 5Ј end was inserted into pUC119. In vitro-generated RNA transcripts derived from the SPMV-91 D-RNA cDNA template replicated efficiently and moved in millet plants when coinoculated with PMV (Fig.  3B) . The results of this assay indicated that the SPMV-91 D-RNA retained the essential domains for replication and systemic movement and was viable independently of the SPMV genomic RNA.
The alignment of cDNA sequences from D-RNA and SPMV RNA. A near-perfect match was observed between cis-acting RNA domains delimited by the in vitro deletion assay, and the composition of the D-RNA spontaneously emerged from SPMV-91. The 399-nt D-RNA preserves three discrete regions from the SPMV genomic RNA, which are designated domains I, II, and III (Fig. 4B) . Domain I contains the 5Ј-terminal 17 nt of SPMV RNA, domain II is composed of 49 nt from nt 62 to 110, and domain III consists of 333 nt from nt 491 to 824 in the 3Ј end (Fig. 4A) . The D-RNA was confirmed to be derived from SPMV-91 RNA by the evidence that domain II in the D-RNA cDNA contained two Ts in the exact positions where they were originally introduced in the SPMV-91 cDNA (nt 97 and 109 on the SPMV-91 genomic RNA) ( Fig. 1 and 4A ). More interestingly, only slight deviations were found in the two junction sites of domains I and II and domains II and III between the D-RNA and two in vitro-generated replication-or movement-competent deletion mutants, SP1 and SPMV-⌬CP. The junction site between domains I and II from SPMV-91 D-RNA cDNA is GCTAGCAACTAGT (the retained NheI and SpeI sites are underlined, and the nucleotides in domain II are shown in italics), which possesses seven more nucleotides (in boldface) than the junction site GCTAGT, created by ligation of the compatible ends of NheI and SpeI sites to form the deletion mutant SP1 (Fig. 1 and Table 1 ). The junction site between domains II and III of SPMV-91 D-RNA cDNA is TTAGCGTTCCAGGTGCGCCCCC (the nucleotides in italics are within domain II, and the remainder of the nucleotides are 
17-67 and 713-772
a Boldface indicates the partial restriction enzyme sequence inside the 5Ј-proximal portion of the junction site. b ϩ, detectable SPMV RNA in the inoculated leaves or upper systemically infected leaves following coinfection with PMV, as determined by the RNA blot; Ϫ, SPMV RNA accumulation below the detection level 14 days postinoculation; ϩ/Ϫ, RNA accumulation is dependent on the environmental conditions. within domain III). The D-RNA has eight extra nucleotides (in boldface) compared to the junction site TAAGGATCGCC CCC in SPMV-⌬CP ( Fig. 1 and Table 1 ) (the nucleotides inside domain II are in italics). The variations between the junction sites on SPMV-91 D-RNA and the deletion mutants, SP1 and SPMV-⌬CP, do not obviously affect the replication and movement competency of these SPMV-derived RNAs ( Fig. 2 and 3) . UTRs (1, 12, 16, 17) . For example, the cis-acting elements necessary for the replication of STNV are embedded in three hairpin-like structures on the 5Ј UTR and in two discrete regions identified as the 3Ј-proximal terminal sequence and the sequence immediately adjacent to the CP ORF in the 3Ј UTR (1). Likewise, a replication competency assay with STMV deletion mutants revealed that the 3Ј UTR sequence immediately downstream of the CP ORF was critical for STMV accumulation (16, 17) . In contrast, the CP genes of both STNV and STMV were dispensable for accumulation and movement (1, 16, 17) .
The crucial regions for SPMV viability on millet plants coinfected with PMV reside in three regions, (i) nt 1 to 16, (ii) nt 62 to 110 at the 5Ј-end of the RNA, and (iii) 73 nt upstream of the CP stop codon plus the entire 3Ј UTR (nt 562 to 824) (Fig.  2, 3 , and 4 and Table 1 ). Extensive comparisons of PMV RNA sequence with SPMV RNA did not reveal significant sequence homology except for seven identical 5Ј-terminal nucleotides (5Ј-GGGUAUU-3Ј) and three identical 3Ј-terminal nucleotides (5Ј-CCC-3Ј) (28) . It can therefore be envisioned that the three identical CCC bases at the termini of PMV RNA and SPMV RNA may harbor the initial recognition signal for the PMV replicases to extend both minus-strand and plus-strand RNA. This has been demonstrated for turnip crinkle virus and its satellite RNAs (10, 24, 25) . Hairpin-like structures can be formed with the nucleotides from 490 to 824 in the 3Ј end of SPMV (data not shown), as predicted by the program M-fold (version 3.0; Institute for Biomedical Computing, Washington University, St. Louis, Mo. [http://mfold2.wustl.edu/ϳmfold/rna/ form1.cgi]), suggesting that the essential signals for replication might be embedded in the stem-loop structures. The significance of such 3Ј UTR stem-loop structures for virus replication has been experimentally demonstrated for red clover necrotic mosaic virus (29) and alfalfa mosaic virus (13) . Compensatory mutagenesis will be necessary to determine how these putative stem-loop structures regulate the accumulation of SPMV RNA.
The removal of the hairpin-like structures from the STNV 5Ј UTR abolished its replication (1). In the adaptation of STMV to the nonoriginal helper viruses, tomato mosaic virus and green tomato atypical mosaic virus, nucleotides A and G at positions 1 and 61 in the 5Ј UTR were consistently deleted (12) , suggesting that the 5Ј UTR plays a role in the helper virus-specific replication of STMV. However, SPMV accumulation in plants and protoplasts was reduced only slightly by the deletion of nt 17 to 67 within the 5Ј UTR (Fig. 2) . A further confirmation of the dispensability of this region was provided by its absence from the in vivo-generated D-RNA (Fig. 4) . This short region in the 5Ј UTR of SPMV may function as a cisacting factor for RNA stability or enhance replicase binding activity. Alternatively, the domain may interact with the 3Ј UTR in a long-distance manner to optimize SPMV RNA synthesis, analogous to an interaction between 5Ј-and 3Ј-terminal sequences proposed for potato virus X RNA synthesis (5). Another cis-acting RNA element, spanning nt 68 to 104 in the 5Ј end, is critical for SPMV movement on foxtail millet plants (S. italica cv. 'German R') but is not required for systemic spread on proso millet plants (P. miliaceum cv. 'Sunup') ( Fig.  1 and Table 1 ). These results suggest that this region might contain a signal for interaction with movement-associated host proteins. A similar observation was described for beet necrotic yellow vein virus in which a noncoding domain of 225 nt on the RNA3 was necessary for vascular movement of the virus (7). The exact mechanism involved in the RNA-directed host-specific transport of SPMV remains to be resolved.
The minimum RNA domains for SPMV replication and/or systemic spread in the millet plants that were mapped by the reverse genetic approach were independently confirmed by the de novo-generated D-RNA isolated from infected millet plants with SPMV-91 and PMV. A widely accepted model for the formation of DI RNAs is that viral replicase bound with its nascent RNA may dissociate from the template and reinitiate the synthesis at a new position with or without nucleotides homologous with the 3Ј terminal sequences of the nascent RNA on the same template (11) . Typically, DI RNAs are degenerative genomic RNAs derived directly from the parental viral genome during the replication process. The formation of a D-RNA from a satellite virus may comply with this model but differs from the typical DI RNA formation in that the satellite viral RNA replication is accomplished in trans by the helper virus replicase complex. The infectivity assay with SPMV mutants indicated that the D-RNA accumulated more abundantly in the initially infected plants that were coinoculated with SPMV-91 and PMV than in the plants coinoculated with SPMV-GUG and PMV (Fig. 3A) . In contrast, D-RNAs did not spontaneously accumulate to detectable levels during the initial coinfection of the SPMV type strain and PMV on proso millet plants (Fig. 3A) . Expression of the 17.5-kDa SPMV CP was abolished in the mutant SPMV-91, and the amount of the 17.5-kDa CP expressed from SPMV-GUG was less than 10% that of the SPMV type strain (Fig. 3A) . Therefore, one explanation for the formation of D-RNA from two SPMV mutants could be inferred from the putative role of SPMV CP in the satellite virus life cycle. SPMV CP may act as a stabilizer to maintain the integrity of the SPMV genome through the trans-replication process by the PMV replicase complex. In other words, the PMV replicase complex may be prone to reinitiate at new positions on the SPMV genome when little or no 17.5-kDa SPMV CP is present in the infected plants. This hypothesis is indirectly supported by our observation that degraded SPMV RNAs were detected in the millet protoplasts infected with either SPMV-91 or SPMV-⌬CP, two constructs which are incapable of expressing the 17.5-kDa CP ( Fig. 2A) . Furthermore, SPMV D-RNAs have not been detected in St. Augustinegrass plants naturally infected with wildtype SPMV and PMV (3). However, the possibility that other mechanisms (11) may also be involved in the formation of SPMV D-RNAs cannot be ruled out. In summary, the reverse genetic study and the characterization of an SPMV D-RNA that emerged de novo in infected millet plants conclusively demonstrate that the CP gene is not required for SPMV viability. Furthermore, the signals for replication and movement are embedded in the 5Ј-proximal 16 nt, nt 62 to 110 in the 5Ј end, and the entire 3Ј UTR plus the 73 nt upstream of the CP stop codon on SPMV RNA. The delineation of cis-acting elements in three satellite viruses, STNV (1), STMV (16, 17) , and SPMV, supports the implication that the crucial signals for the initial replication cycle and systemic movement are clustered within the UTRs of the satellite viral RNA genomes. An interesting question that has not yet been addressed is why SPMV and other satellite viruses retain their respective CP genes even though they are dispensable for the essential life cycles of satellite viruses. No matter which mechanisms are involved in the formation of satellite virus D-RNAs, these unique RNAs will provide an opportunity to further dissect the features critical for virus replication and spread and to explore the mechanisms underlying the evolution of satellite viruses and satellite RNAs. tions were generously provided by Herman Scholthof, Bénédicte Desvoyes, and Jeff Batten. We are also grateful to Gene Perry of Perry Brothers Seed (Otis, Colo.) for providing proso and foxtail millet seeds.
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